We introduce a new carbon allotrope named protomene. Its crystal structure is hexagonal, with a fully-relaxed primitive cell involving 48 atoms. Of these, 12 atoms have the potential to switch hybridization between sp 2 and sp 3 , forming dimers. By means of DFT simulations, we have identified the equilibrium structure of protomene, and estimate that it is 2% less bound than diamond. We have also estimated the amplitude of its direct band gap to be 3 eV, and predicted the X-ray diffraction pattern and phonon modes.
Introduction
Driven by the discovery of some of the most interesting new materials, namely fullerenes, nanotubes and graphene, the quest for new allotropes of carbon has been an increasingly active field of research for several decades [1] . This broad interest is fueled by the wide range of structural and electronic properties of carbon allotropes. Indeed, carbon possesses three energetically competitive different types of orbital hybridization (sp, sp 2 , and sp 3 ).
In turn, this allows carbon atoms to combine with each other in an exceptional number of ways. The sp 3 configuration gives rise to three-dimensional networks with insulating properties along with high stiffness, as in cubic and hexagonal diamond [2] . In contrast the sp (linear) and sp 2 (planar) hybridizations can be responsible for flexible structures [3, 4] such as carbyne and graphene, which often come with small electronic interband gaps or even metallic properties. Intermediate hybridizations are quite frequent as well, as in the fullerenes and the nanotubes.
Compared to the wide variety of newly identified structures [5] , relatively few breakthrough applications have been realized to date. The most common usage of elementary carbon still remains burning. The quest for new applications continues, focusing on electronics, opto-electronics, quantum computing, coatings. This team has recently brought to light a new stable carbon structure combining sp 2 and sp 3 hybridizations, which was called novamene [6] . In the present work we introduce a new allotrope, protomene, based on similar structural ideas (developed by the corresponding author of the present paper), which in turn exhibits surprisingly different electronic properties compared to novamene.
The crystal structure
The structure of protomene shares some general concepts with that of the previously studied novamene [6] , but with significant novelties. In protomene, 6 atoms out of 24 (compared to 2 out of 26 in novamene) can adopt a perfectly planar sp 2 geometry, from which they can then move out of the plane to build comparably weak bonds with partner atoms in the next vertically stacked lattice cell. Instructed by the novamene example, one can expect this extra bond formation to lower the total energy by approximately 1 eV per bond, and to induce a substantial change in electronic properties. The "switching" sp 2 carbon atoms are highlighted in red. In this structure these switching atoms are all in their no-dimer (higher-energy) configuration: atoms 1, 3, 5, 7 are equivalent to 2, 4, 6, 8 and they are placed in successive A planes of adjacent cells; atoms 9, 11 are equivalent to 10, 12 and they occupy successive B planes, which stand at intermediate heights between A-type planes.
Like novamene, the protomene structure has threefold symmetry axes, which are compatible with crystallization in a hexagonal lattice. We constructed a classical ball-and-stick model as an initial conjecture for the structure, and adapted it to a crystal repetition symmetry, as reported in fig. 1 . We identified the correct minimum primitive cell before any dimer formation: this primitive cell, containing 24 atoms, is sketched by a dashed line in fig. 1 . This figure highlights the sp 2 carbon atoms in red: a group of 4 atoms (labeled 1, 3, 5, and 7) sits around the corner of the cell, plus two more (labeled 9 and 11) iso- The space group describing the symmetries of different configurations will depend on the dimers pattern: specifically, the 48-atom-cell structure displayed in fig. 2 is characterized by the space group P-31m (#157). Given the space-group symmetry one could obtain all (24)48 atomic positions in terms of (7)14 inequivalent ones [7] . Table 2 below. Column 5 reports the number n symm of equivalent atoms generated by applying symmetry operations as indicated in the supplementary material.
Numerical Simulations

Structural properties
To obtain the equilibrium configurations and the electronic properties of the several competitive structures, we employed density functional theory (DFT) simulations, with a well-established approach [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20] . We used both local density approximation (LDA) and a general gradient approximation [21, 22] in the Perdew-Burke-Erzoff (PBE) [23] formulation, with ultrasoft pseudo-potentials to account for core electrons [24] as implemented in Quantum Espresso [25] . For both functionals the wave functions are expanded on a plain-waves basis with a kinetic-energy cutoff of 408 eV, which guarantees the convergence of the total energy of a simple carbon structure (diamond) within 10 −3 eV. We sampled the Brillouin zone of protomene with a 10 × 10 × 20 Monkhorst-Pack k-point grid [26] , and used grids of similar k-space densities (at least 10 points×nm 3 ) for the other calculations to guarantee a similar accuracy of the total energy.
We performed simulations to fully relax the atomic positions d i , also allowing the cell primitive vectors to change to get rid of the overall stress. We started from an initial rough configuration built from the analysis of the structure symmetry as described in Sect. 2.
Atomic relaxation is performed until the following convergence conditions are reached: the total force must be smaller than 4 pN and the total-energy difference between two successive relaxation steps must be smaller than 10 −3 eV. The fully relaxed crystalline structures are provided as Supplementary Content, and Table 1 reports the fractional coordinates of the 14 inequivalent atoms. Table 2 summarizes the simulation results on the two main relaxed structures of protomene: the no-dimer configuration of fig. 1 , and the ground state, namely the configuration with the largest possible number of dimers formed, as displayed in fig. 2 . The same quantities for the case of novamene are shown for comparison. The binding energies are calculated as differences relative to diamond. Our DFT simulations result in a LDA binding energy per atom of −8.7081 eV, only 2.2% less stable than diamond (novamene is 2.6% less stable than diamond [6] fig. 2 ), but the alternative possibility of bonds across alternating A − A planes is essentially degenerate within 1 meV per atom.
Although cross-plane bonding occurs independently, the formation of bonds between B and B planes favors the formation of bonds of the other kind by reducing slightly the lattice spacing in theẑ direction. Indeed, as reported in Table 2 , c lattice spacing of the ground-state structure is significantly shorter than twice the c spacing of the no-dimer 24-atom-cell structure.
Simulated diffraction pattern
Our DFT simulation provides enough information to evaluate the X-ray diffraction pattern (XRD) of protomene in its ground-state configuration. This pattern is displayed in fig. 3 , and compared with the XRD patterns of novamene and diamond. These patterns are obtained for an incident X-ray beam with λ = 154 pm. The diffracted intensity is distributed, as in novamene, among numerous small-intensity peaks, while diamond, with its quite small cell in real space, has widely spaced reciprocal vectors, generating few strong peaks. The predicted pattern of fig. 3 can be used in future experimental attempts to isolate and detect protomene samples.
Natural tiling analysis
It is instructive to examine the structural properties of the protomene allotrope with classification techniques based on a network-topology analysis. To this purpose, we used face symbols to describe the natural tilings of protomene. We refer to articles [27, 28, 29] for the detailed meaning of these topology concepts. In short, a face symbol, characterizing We made use of the ToposPro software [7] to identify the natural tiling of the protomene ground structure, obtaining: regions topologically equivalent to hexagonal diamond (lonsdaleite), classified
due to the lack of [6 5 ] in the protomene natural tiling. The obtained topological classification can be useful as an example to search this structure in a database of previously published structures, such as SACADA [1, 30] . This search is useful in particular to make sure that protomene had not been invented before. Figure 5 reports the electron energy bands and the corresponding density of states for the ground-state configuration of protomene. As reported in table 2, the dimer formation involving all initially sp 2 atoms produces a gap opening in the band structure at the Fermi level. The band structure depicted in fig. 5 predicts that protomene should be a widebandgap insulator. The DFT-LDA gap amplitude is estimated at 3.38 eV. However the DFT-PBE simulation estimates the same gap at less than half this energy. The reason for this difference lays in the well-known tendency of DFT-LDA to overbind: the LDA computed interplane dimers are probably shorter and more strongly bonded than in reality, thus generating a larger bonding-antibonding separation, which reflects in the protomene band gap. On the other hand, the DFT-LDA method has a well established reputation for underestimating the band gap. The PBE functional often captures the electronic band gap more accurately than LDA, but its tendency to underbind determines a quite small bonding-antibonding splitting associated with weaker interplane dimerization. As a result, a gap estimation in the 3 eV region is most likely accurate.
Electronic properties
The most interesting feature of the protomene band gap is it being a direct gap, with a minimum width at Γ. Despite the discussed uncertainty about the precise amplitude of the protomene gap, it is significantly larger than in novamene (0.3 − 0.4 eV), but clearly smaller than in diamond (which however has an indirect gap).
The density of band states reported in fig. 5 shows that, despite the rather flat nature of certain regions of the bands, the overall density of states is fairly smooth. The gap between the valence band and the conduction band is the only gap in this energy region, and the density of states changes from relatively small near the gap itself to rather large a few electron-volts away from it, in both the valence and the conduction regions.
The vibrational spectrum
In order to simulate the vibrational properties of protomene, we make use of densityfunctional perturbation theory, as implemented in Quantum Espresso [25, 31] . We compute the phonons frequencies along the same k-points path as for the electron energy bands. branches are clearly visible as they depart from zero frequency at Γ; the lower (transverse) acoustic branch is twofold degenerate along the Γ−A high-symmetry line. At higher frequency, mostly in the 400 − 1400 cm −1 range, the numerous optical phonon branches cluster and intersect with each other. Near 1500 cm −1 and separated from the great majority of phonon branches by a small gap (∼ 90 cm −1 ), we find two optical phonons, each of them twofold-degenerate along the Γ−A line. We analyze in particular the atomic displacement corresponding to these optical modes at Γ: they are mainly stretching modes of the short nearly-horizontal bonds connecting the atoms labeled 9-11 forming the central dimers with one of those surrounding them. This distinctive spectral feature may provide a useful signature for the experimental identification of the protomene structure. Due to the comparably large number of atoms per cell, the computed vibrational spectrum is consistent with a quite congested vibrational spectrum. Overall, the Raman spectrum will probably turn out not too much different from the "D band" of amorphous carbon [32] .
Discussion and conclusions
Protomene qualifies as a new potentially-useful direct-gap semiconductor. The energy band gap (see table 2) is very close to that of gallium nitrides (GaN) which is approximately 3.4 eV at room temperature [33] . As a consequence, protomene possesses similar semiconducting properties to GaN, which may enable it to have applications for highpower and/or high-frequency electronic devices with large breakdown voltages. Considering that it is a binary system, the control of GaN composition is challenging during the crystal growth, whereas protomene is a single-element carbon allotrope and defect control might be easier than for GaN. Due to the gap amplitude near the blue end of the visible spectrum, protomene may find applications in opto-electronic components, e.g. to blue-or UV-light generating light emitting diodes (LED), or as a UV filter in optics. Furthermore, the well-defined direct gap suggests that protomene may have more application in semiconductors devices than carbon nanotubes (CNT) and graphene in terms of energy band gap. Indeed, one obstacle to overcome in the fabrication of CNT is controlling whether the CNT is metallic and semiconducting. Protomene instead is predicted to be semiconducting up to a transition temperature.
Thermal expansion in protomene is likely to play against the interplane bonding. Therefore, as temperature is raised, a structural phase transition is likely occur from the lowtemperature semiconduting 48-atoms cell structure of fig. 2 to the high-temperature metallic phase characterized by the 24-atoms cell structure of fig. 1 . As this transition is approached, the band gap would close rapidly, much faster than the slow decay, also associated to thermal expansion, in diamond and silicon. Accordingly, this phase transition would provide a sensitive temperature-controlled optical filter. Additionally the eventual transition to the high-temperature no-dimers metallic phase of protomene, has potential temperature-controlled optical-and electric-switching applications. Moreover, given the increasing number of sp 2 bonds, this phase transition is likely to undermine the hardness of protomene in its insulating phase. Therefore, protomene is expected to exhibit a significant lowering in hardness as the temperature is raised. As a rough estimate, graphite and diamond are can be taken as lower and upper bounds for the hardness of the high-and low-temperature phases of protomene respectively.
In the future, we consider building on the know-how acquired in the present piece of research to extend the quest for new carbon allotropes, for example considering the possibility of interconnecting sp chains with sp 3 scaffolds.
